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These statistics alone do not completely convey the degree of risk associated with operating PTO-driven agricultural equipment. One of the primary variables missing in most prior research on agricultural injuries and fatalities is exposure data, which allows for the estimation of relative risk (Williams et al., 1984) .
To assist in the determination of operator exposure to PTO driveline components, research was conducted to develop and test a methodology for measuring the level of exposure. The research was conducted on grain augers used in typical agricultural grain handling and storage operations. In addition, efforts were made to document equipment usage patterns that increase exposure levels while using augers. The collected exposure data were used in the development of a PTO entanglement risk factor analysis model for grain augers (Wilkinson, 1991) .
Grain Auger Background Information
Flight elevators were developed in the 1920s for handling corn and in the 1940s for handling baled hay (Buchele, 1980) . The auger elevator was introduced in wheat-growing areas by Mayrath in 1946 and was introduced in the Corn Belt for handling shelled corn after the picker sheller and grain combine became popular in 1950s (Buchele, 1980) . The grain auger has since been a popular material handling device. Since its introduction, the grain auger has been recognized as a potential source of serious injury. In early recommendations for improvements in the design of portable farm augers and elevators, Lamp and Harkness (1959) stated:
"Since the operator frequently must work adjacent to the power drive, exposure to the shaft is common and often prolonged. Contact with an unshielded power shaft rotating at slow speeds definitely is a hazard and can result in severe accidents, as elevator accident reports verify. There is no justification for elevators to be manufactured and sold without properly shielded shafts and gears." An early epidemiological study of PTO entanglements in Iowa was conducted during a 20-month period from 1962 to 1964 by researchers at the Institute of Agricultural Medicine. The study examined 110 reported fatal and non-fatal PTO entanglements through interviews and on-site visits (Knapp and Piercy, 1966) . It was pointed out that stationary machines, such as elevators and augers, were involved in 44% of documented PTO entanglements. As a result of the research, it was concluded that:
"...a considerable amount of the PTO exposure time of the worker involves the use of stationary equipment with the farm operator working around the moving equipment and climbing on and off the tractor to start and stop the machinery or adjust its speed. Further, the equipment is so designed and receives the kind of use (hammer mills, grinders, elevators, self-unloading wagons) that it has a longevity greater than the original PTO shielding" (Knapp and Piercy, 1966) . Knapp and Piercy (1966) also listed the following operational problems associated with the use of stationary equipment:
S "When operating stationary equipment, it is necessary to work around the running PTO, for the tractor serves as a stationary power source. S Tractors that must be mounted from the rear make it necessary for the operator to come into very close contact with the PTO at least twice during operation; first when starting the machine, and second when stopping it. S This type of equipment is used for relatively short periods of time but frequently throughout the year. Thus high annual use in terms of operator hours and proximity of the operator to the revolving shaft gives this equipment a very high exposure rate." McFarland and Fletcher (1969) reported on a study of 100 portable farm elevator and auger incidents involving 103 people that occurred in Iowa and eight other states between 1961 and 1968. They reported that the PTO shaft was involved in nearly one-fourth of the injuries and that multiple injuries associated with auger and elevator incidents were most often caused by entanglement in PTO components. Lacerations, amputations, and fractures accounted for three-fourths of the injuries. The victims were reported to be working in 9 out of 10 cases, with cleaning up spilled corn and picking up other objects from the ground being identified as the leading activities prior to the incident. These activities brought the worker into close proximity to the PTO driveline and other operating components. The authors indicated that farmers were willing to pick up spilled material near hazardous machinery parts or give the task to a child without realizing the risk. The research found that 13% of the incidents occurred when the victim was unloading corn from a wagon into an elevator and 12% occurred when the victim was trying to start an auger or elevator (Fletcher, 1969) . Wardle (1972) indicated that one problem with grain augers that are powered by the PTO is that they are typically designed with the only control 15 to 20 feet away from the point of operation. This arrangement can affect work patterns, worker exposure, and response time in the event of an entanglement.
In 1982, an investigation into PTO and agricultural driveline-related entanglements was initiated by the Department of Agricultural and Biological Engineering at Purdue University (Sell, 1984) . A PTO driveline entanglement surveillance system was developed, and a study into the nature of PTO-related entanglements was conducted by Sell between 1982 and 1984 . An evaluation of PTO master shield usage, an evaluation of PTO pictorial warning decals, and an in-depth analysis of non-fatal PTO entanglements were completed. A summarization of 64 non-fatal PTO entanglements that occurred between 1976 and 1984 found that stationary equipment was involved in 45.3% of the cases investigated. Augers (15.6%) and elevators (12.5%) were identified as the two types of equipment most frequently involved in PTO-related entanglements. It was also reported that 50% of those injured by an operating PTO component were standing on the ground.
A second investigation was conducted at Purdue University between 1985 and 1987. This study included an evaluation of the condition of shielding on implement input drivelines, implement input connections, and pedestal drivelines, and a continuation of investigations into non-fatal and fatal PTO entanglements. An additional 36 PTO entanglements were investigated to bring the total non-fatal cases investigated to 100. It was reported in this study that stationary equipment was involved in 51% of the PTO entanglements with augers (19%) and elevators (16%) being the most common types of equipment identified (Campbell, 1987) . Campbell (1987) also investigated the condition of shielding on PTO-driven agricultural implements that included an examination of 133 augers and 22 elevators being used in farm operations. The implement input driveline (IID) shields were missing on 10.5% of the augers and 18.2% of the elevators. The IID shields were damaged on 28.6% of the augers and 27.3% of the elevators. The implement input connection (IIC) shields were missing on 43.6% of the augers and 90.9% of the elevators. The IIC shield was damaged on 1.5% of the augers (Campbell, 1987) . Sell (1984) had earlier found that the PTO master shields were missing on 54.2% of the tractors involved in PTO-related entanglements.
Further analysis of PTO entanglements that occurred on augers and elevators was conducted at Purdue using the data assembled by Sell (1984) and Campbell (1987) . In this analysis, it was found that 51.4% of the non-fatal entanglement victims were standing on the ground and performing a physical task near the PTO driveline when they became entangled (Wilkinson and Field, 1988) . It was found that the primary areas of entanglement on the driveline were at the implement input connection (57.1%) and on the driveline in 28.6% of the entanglements. The shielding at the implement input connection area was missing in 42.9% of the entanglements and present in 11.4% of the entanglements (Wilkinson and Field, 1988) . Wilkinson (1991) combined the investigations conducted by Sell and Campbell with his own and reported on 130 injuries and 29 fatalities resulting from PTO-related incidents occurring from 1970 through 1990 in 21 states. He found that the victim was most commonly the operator (75.4%) and in 54.7% of the cases was standing or working near the equipment. Stationary implements were found to be most frequently involved in PTO entanglement with 50.3%. Of the stationary implements, augers and elevators were found to have the highest percentage of incidents with 17.0% and 16.3%, respectively.
In 2004, an additional study was completed at Purdue to develop a data management system for use in consistent coding and analysis of PTO and agricultural driveline-related incidents (Beer, 2004) . Of 674 such incidents documented between 1970 and 2003 and entered into the database, augers and elevators were again found to be the most common implement type, accounting for 24.8% of all documented incidents.
Methodology for Measuring Exposure to Grain Auger PTO Components
Based on the prior research findings that indicated that PTO entanglements occur more frequently on grain augers than any other type of agricultural equipment, a methodology was developed to measure the level of operator exposure to PTO components and to document operator work patterns around PTO-driven grain augers that could increase the risk of exposure.
A data recording form was developed that consisted of a cover sheet and an exposure recording sheet. The cover sheet was used for recording information concerning the auger and the tractor used to power the auger. The exposure recording sheet included codes for completing the form that included reason for entry into a zone considered hazardous, the zone where the operator was located at the time of observation, duration of exposure, and general observations concerning operator behavior.
The measurement of exposure in this study was done with the use of zones expressed as predetermined distances away from the surface of the driveline. The development of the exposure zones was accomplished by using several equipment models and having a subject move through the zones, measuring the distance away from the driveline that a subject could stand and still potentially make contact with the driveline by applying anthropometric data on arm length and height (Kantowitz and Sorkin, 1983) . Those distances included the potential for both intentional and unintentional contact, such as what might occur during a fall.
The zones used to measure operator exposure included 12 in. (30.48 cm) on either side of the driveline as the first zone, and additional zones beyond the first zone were marked off in intervals of 24 in. (60.96 cm), for a total of four zones on each side of the driveline. Figure 1 provides a display of the exposure recording zones. Figure 2 shows a three-dimensional view of the complete PTO exposure recording zone. The height of the zone was considered a factor because operators who dismount or mount a tractor from the rear can enter a zone above the horizontal height of the PTO.
Data Collection
A JVC VideoMovie GF-S550 camcorder using 1/2 in. VHS tape was used to videotape operator work patterns and supplement the data on the recording form. The exposure time was determined with the use of a stopwatch and the time recorder on the camcorder.
The zones were marked with the use of portable markers. The markers were constructed of 2 × 4 in. wooden blocks cut to 3.5 in. (8.89 cm) length. Holes were drilled in the center of the blocks, and 0.5 in. diameter wooden dowel rods of assorted lengths ranging from 12 to 18 in. (30.48 to 45.72 cm) were glued into the wood blocks. The dowel rods and blocks were spray painted with fluorescent red paint to make the markers visible from a distance and on the camera. The zones were measured with a tape measure, and the markers were placed under the grain auger and along the side of the grain auger hopper to mark the zones.
A total of 14 Indiana farms sites were selected for the study, which resulted in 21 videotaped observations of individuals working around portable tractor PTO-operated augers being used to transfer grain. Several farms had more than one person who was responsible for unloading the grain, which is why more observations were made than the number of farms visited. Additional farms were visited that did not lead to recorded observations due to circumstances such as combine breakdowns, dryer full of grain, and weather conditions. Corn harvesting operations were chosen for observations because of the higher frequency of use of grain augers for loading and unloading corn into and out of grain storage facilities.
Before any observations were made, all PTO-operated equipment being used as part of the study was examined to ensure that all guards and shields were in place. Only adults with experience in operation of the equipment were included in the observations. All participants were male. No one participating in the study was requested or encouraged to perform any tasks that would have put him at risk of being exposed to an unguarded PTO driveline in operation.
After examination of the equipment and setting it in place for typical operation, the zones were measured with a tape measure and marked with the fluorescent dowel rod markers. The camera was mounted on a tripod and placed with the focus centered on the driveline, approximately 15 to 30 feet away from the auger depending on the equipment configuration. The camera only recorded data on the work patterns observed within the zones around the driveline. The person being observed had to be in a zone for at least 1 s to be included as a recorded movement if moving between zones. The operator was observed while unloading several loads of grain until the work patterns were observed to be consistent. This was necessary because initial behavior of the operator appeared to be influenced by the presence of the camera. The videotapes were reviewed after completing the study to identify work patterns captured by the camera and to measure exposure times.
Information was gathered on operations involving portable grain augers and grain trucks, portable grain augers and gravity-flow grain wagons, a grain auger with an extended dump hopper, and swing-away hopper augers.
Grain Auger Exposure Measurement Data

Exposure Measurement: Truck and a Conventional Grain Auger
There were eleven observations made in the study that involved the scenario of a grain truck unloading corn into a conventional grain auger. These observations resulted in a total of 27.0 h of videotaped observations, with 6.96 h that captured work done during tractor PTO operation. The PTO was engaged for 25.8% of the time that observations were taking place. Twenty-eight loads of corn were unloaded, involving approximately 8700 bushels of grain.
Exposure Measurement Data for Cases with PTO on Left Side
Figure 3 displays the exposure data collected for the eight truck-related observations that featured a grain auger that had the driveline or implement input connection (IIC) on the left side (facing the grain auger hopper and looking toward the outlet end of the auger). The tractor PTO was engaged for a mean time of 17 min and 36.2 s per observation. The operators were observed in one of the measured exposure recording zones 20% of the time that the PTO was engaged. The data in figure 3 show that the highest exposure time for the operators was in the zone 12 to 36 in. (30.48 to 91.44 cm) from the PTO. The operators were in this zone on the hopper side of the PTO driveline 9.4% of the time that the PTO was engaged. The area closest to the driveline (0 to 12 in. or 0 to 30.48 cm) had the lowest exposure time, with 0.3% of the total time in this zone. Although the observed time was extremely small, the potential risk of contacting the driveline in this area is very high. Table 1 lists the operators' primary actions while in a particular zone for the observations made in cases where the PTO or auger IIC was located on the left side. On the hopper side of the driveline, the most common action of the operators was observing machine operation, and this most frequently occurred at a distance 60 to 84 in. (152.40 to 213.36 cm) away from the PTO driveline. The second most common action of the operators was adjusting the grain door of the truck, and this most frequently occurred at a distance of 12 to 36 in. (30.48 to 91.44 cm) away from the PTO driveline. Table 2 lists the other locations of the operators when they were outside of the measured PTO exposure zones and the mean time they were in these locations. The operators were outside of the measured PTO exposure zones 80.0% of the time that the PTO was engaged. The most frequent activity of the operators when located outside of the PTO exposure zones was standing near the grain auger. This activity most frequently took place on the right side of the auger within 5 feet of the auger hopper. Figure 4 displays the exposure data collected for the three observations made where the truck was being unloaded into an auger with the driveline or IIC on the right side of the auger (facing the grain auger hopper and looking toward the outlet end of the grain auger). The PTO was engaged for a mean time of 12 min and 13.8 s per observation for each of these cases. The operators were in one of the measured zones 32.3% of the time that the PTO was engaged. The data in figure 4 show that the zone of highest operator exposure was 12 to 36 in. (30.48 to 91.44 cm) from the PTO driveline. Operators were in this zone 18.6% of the time that the PTO was engaged. The zone recording the second highest exposure was 0 to 12 in. (0 to 30.48 cm) away from the operating driveline, accounting for 7.8% of the total exposure time. The area farthest away from the driveline (60 to 84 in. or 152.40 to 213.36 cm) had the lowest exposure time. Table 3 lists the operators' primary actions while in a particular zone for the observations made when a truck was being unloaded into an auger with the IIC located on the right side. On the hopper side of the driveline, the most frequent action of the operators was observing equipment operation. The operators most frequently observed the equipment 12 to 36 in. (30.48 to 91.44 cm) from the PTO driveline. Table 4 lists the other locations of the operators when they were outside of the measured PTO exposure zones and the mean time they were in these locations. The operators were located outside of the measured exposure recording zones 67.7% of the time that the PTO was engaged. The operators were most frequently located around the grain storage structure when outside of the exposure recording zones while the PTO was engaged.
Exposure Measurement Data for Cases with PTO IIC on Right Side
Exposure Measurement: Wagon and Conventional Grain Auger
There were eight observations included in the study that involved a scenario of a gravity-flow grain wagon unloading corn into a conventional grain auger. These cases were observed for 26.4 h total, with the tractor PTO engaged for 5.08 h. The PTO was Figure 5 shows the operator exposure time in the recording zones for the cases that involved a grain wagon and a conventional grain auger. The hopper is not shown because this figure includes configurations with the driveline on the right side of the auger and those with the driveline on the left side of the auger. The data were combined because there was no observable difference in exposure, as there was with grain trucks and conventional grain augers.
The operators were located in one of the measured exposure recording zones 37.9% of the time that the PTO was engaged. The data in figure 5 show that the operators were 36 to 60 in. (91.44 to 152.40 cm) away from the driveline on the hopper side 31.9% of the time that the PTO was engaged, which represented the zone of highest exposure. The area closest to the driveline (0 to 12 in. or 0 to 30.48 cm) had the lowest total exposure time. Table 5 lists the operators' primary actions while in a particular zone for the cases that involved a grain wagon and a conventional PTO-driven grain auger. The most frequent action of the operators was adjusting the grain wagon door. Table 6 lists the other locations of the operators when they were outside of the measured PTO exposure zones with the percent and mean time they were in these areas. The operators were outside of the measured exposure recording zones 62% of the time that the PTO was engaged. 
Exposure Measurement: Truck and an Extended Dump Hopper Auger
Unloading a grain truck into an extended dump hopper auger was observed for 2.3 h, with the PTO engaged for 0.96 h. The PTO was engaged for 41.7% of the time that the observations were taking place, for a mean time of 19 min and 16.3 s per observation. Three loads of corn were unloaded, with approximately 1150 bushels total.
The zone of highest exposure, as shown in figure 6 , was the zone 60 to 84 in. (152.40 to 213.36 cm) away from the driveline toward the hopper end of the auger. The operators were in one of the measured exposure recording zones 13.5% of the time that the PTO was engaged. The operators' primary action while in these zones was observing auger operation. Table 7 lists the other locations of the operators when they were located outside of the measured exposure recording zones and the mean time they were in these locations. The operators were standing near the grain auger outside of the exposure recording zones 50.6% of the time that the PTO was engaged. Exposure Measurement: Truck/Wagon and Swing-Away Hopper Auger There were three cases included in the study that involved a grain truck or wagon unloading into a swing-away hopper auger with the auger connected to the tractor by the drawbar, PTO, and hydraulic hoses. The cases involving swing-away hopper augers were observed for a total time of 6.9 h, with the PTO engaged for 3.1 h. The PTO was engaged for 44.9% of the time, 1996.7 s (33 min, 16.7 s) mean time, per observation. Six loads of corn were observed being unloaded, with approximately 2959 bushels being handled.
The three cases involving a swing-away hopper auger did not have any operator exposure to the driveline in the exposure recording zones. Table 8 lists the other locations of the operators when they were outside of the measured exposure recording zones and the mean time they were in these areas. The operators were most frequently located outside the observation area, which was found to be the case 51.5% of the time that the PTO was engaged. 
Summary
Since the data were gathered on four specific configurations of augers and unloading procedures, a summary of the findings for each type of setup is provided.
Conventional Grain Augers and Grain Trucks
The operators observed had a higher proportion of exposure time to the PTO driveline when the driveline was located on the right side of the grain auger (32.3%) as compared to when the driveline was on the left side of the grain auger (19.9%). The reason observed for this difference in exposure was that when a truck was backed up to a grain auger with the auger IIC on the right side, the driver's door of the truck was positioned on the right side of the auger (facing the auger). The operators then tended to stand in one of the measured exposure recording zones to observe unloading and traveled back and forth to the truck to activate controls for the dump bed. For cases with the driveline on the left side of the auger, the operators stood outside of the measured exposure recording zones (on the right side of the auger) and traveled back and forth to the truck.
The primary action of the operators when they were in the exposure recording zones was observing equipment operation. For cases with the driveline on the left side, observing equipment operation most frequently took place 60 to 84 in. (152.40 to 213.36 cm) from the PTO driveline. For cases with the driveline on the right side, this activity most frequently took place 12 to 36 in. (30.48 to 91.44 cm) from the driveline.
The operators who stood in the exposure recording zones had a higher exposure time closer to the driveline as the truck bed was raised because there was less distance between the truck and the driveline for the operator to stand. Some of the operators' behavior and work patterns observed included: (1) leaving the tractor engine running between loads, (2) starting the tractor while standing on the ground at the rear of the tractor next to the driveline (the tractors used to operate the augers were not equipped with protective cabs), (3) engaging or disengaging the PTO while standing on the ground at the rear of tractor next to the driveline, (4) adjusting the tractor speed while standing on the ground at the rear of the tractor next to the driveline, and (5) crossing over the driveline with the PTO not engaged.
Conventional Grain Augers and Grain Wagons
Of all the scenarios examined in this study, those cases involving the use of conventional grain augers and gravity-flow grain wagons had the highest proportion of the operator's exposure time in the recording zones (37.9%). However, the operators using grain wagons were most frequently located 36 to 60 in. (91.44 to 152.40 cm) away from the driveline (32.0%). The primary action of the operators when they were in this zone was adjusting the grain wagon door to control the flow of grain.
Some of the operators' behavior and work patterns observed included: (1) leaving the tractor engine running between loads, (2) starting the tractor while standing on the ground at the rear of the tractor next to the driveline, (3) engaging or disengaging the PTO while standing on the ground at the rear of the tractor next to the driveline, and (4) crossing over the driveline with the PTO not engaged.
Extended Dump Hopper Grain Auger
The operators observed using an extended dump hopper grain auger and a grain truck were in one of the exposure recording zones 13.5% of the time that the PTO was engaged. These operators were primarily in the zone 60 to 84 in. (152.40 to 213.36 cm) from the driveline (12.8%), with their primary observed action in this zone being equipment operation.
Swing-Away Hopper Auger
The operators using swing-away hopper augers did not have any recorded exposure time in the measured zones. The primary location of these operators was outside of the observation area 51.5% of the time that the PTO was engaged.
Recommendations
Based on the findings of this study, the following recommendations were made: S Measured operator exposure to PTO components and operator work patterns around grain augers should be studied further to determine whether the placement of the driveline or IIC on the auger's left side will decrease the risk of an operator being involved in a PTO entanglement. If this proves to be the case, revisions should be made to current ASAE Standards to encourage manufacturers to utilize auger designs with the driveline attached appropriately or in another way that would reduce exposure. S The owner's manuals for grain trucks should include information advising truck operators of the potential entanglement hazards that exist while unloading grain into conventional grain augers driven by the tractor PTO and to avoid standing near the driveline. It was noted that some truck drivers were not aware of the increased risk associated with bed tilt that caused a reduction in the amount of safe work space. S Farm safety programs should be developed to educate farm operators and employees to incorporate work patterns and equipment configurations that decrease exposure and therefore reduce the risk of PTO entanglement. This should include providing farm operators with specific layouts for grain handling facilities that contribute to the safe operation of grain augers. S Additional measurements of exposure to grain auger PTO components and observations of worker behavior should be conducted to develop a better understanding of the ergonomic and environmental issues that contribute to PTO-related entanglements. S A standard method should be adopted by ASAE to measure operator exposure to grain augers and other PTO-driven equipment that specifically targets the location of greatest exposure, including the PTO master shield area, driveline area, and the implement input connection area. This validated process could then be used during the design and planning stages to assess the level of risk associated with various grain storage and handling facilities that use portable augers. Such a process could also be used to conduct risk assessments of other complex configurations of agricultural equipment, such as that used to fill silos with powered self-unloading silage wagons and silage blowers.
